Introduction {#section1-0963689718815850}
============

Renal fibrosis, which is characterized by oxidative stress, chronic inflammation, massive interstitial myofibroblast activation, and excessive extracellular matrix (ECM) protein accumulation, is the final common pathway of virtually all types of progressive chronic kidney disease (CKD), ultimately leading to end-stage renal disease^[@bibr1-0963689718815850][@bibr2-0963689718815850]--[@bibr3-0963689718815850]^. In the past decades, although many studies have been performed on potential treatments for suppressing CKD progression^[@bibr4-0963689718815850],[@bibr5-0963689718815850]^, effective therapies are still limited owing to the incomplete understanding of the mechanisms underlying CKD. Oxidative stress and inflammation play crucial roles in renal fibrosis by regulating interstitial fibroblast proliferation, peritubular capillary injury, and microcirculatory impairment^[@bibr6-0963689718815850]^. Increased concentrations of reactive oxygen species (ROS) are present in obstructed kidneys^[@bibr7-0963689718815850]^, which cause renal interstitial injury by lipid peroxidation, increased hydrogen peroxide levels, and DNA and protein damage^[@bibr8-0963689718815850][@bibr9-0963689718815850]--[@bibr10-0963689718815850]^. Peritubular capillary (PTC) injury is secondary to oxidative stress and inflammation, which, in turn, results in chronic ischemia and hypoxia. Decreased renal oxygen supply and tissue ischemia are common causes of mitochondrial damage and dysfunction^[@bibr11-0963689718815850]^. Finally, mitochondrial damage and impaired homeostasis lead to bioenergetic dysfunction (reduced ATP generation), which cause mitochondrial ROS, lipid peroxidation, and apoptosis. Several studies have demonstrated that renal injury due to unilateral ureteral obstruction in rodents is associated with increased mitochondria-mediated renal tubular cell apoptosis, autophagy, and mitochondrial ROS^[@bibr12-0963689718815850]^.

Among stem cell populations, embryonic stem cells are the most plastic and have indefinite self-renewal capacity. However, their application is limited by ethical and safety issues, while the clinical application of induced pluripotent stem cells is still limited because of their high teratogenicity potential^[@bibr13-0963689718815850],[@bibr14-0963689718815850]^. Recent experiments have shown that amniotic fluid is a novel source of stem cells for therapeutic transplantation with no ethical and teratogenicity problems. Amniotic fluid-derived stem cells (AFSCs) can differentiate into cells of the three embryonic germ layers and express the transcription factor Oct-4, a marker of embryonic and mesenchymal stem cells^[@bibr15-0963689718815850],[@bibr16-0963689718815850]^. In our previous study, we demonstrated that transplantation of AFSCs enhanced PTC repair, alleviated tissue hypoxia, and mitigated the degree of renal interstitial fibrosis^[@bibr14-0963689718815850]^. Glial cell line-derived neurotrophic factor (GDNF), isolated as a neurotrophic factor for midbrain dopaminergic neurons, has long been considered as a main potential therapy for neuronal diseases^[@bibr17-0963689718815850][@bibr18-0963689718815850]--[@bibr19-0963689718815850]^. However, Pichel et al. found that GDNF^--/--^ mutant mice showed kidney agenesis and dysgenesis, which indicates that GDNF plays an important role in the development of renal system^[@bibr20-0963689718815850],[@bibr21-0963689718815850]^. Meng et al. showed that the spermatogenic stem cells entered the differentiation pathway at a reduced dosage of GDNF; on the other hand, the stem cells could only self-renew but were unable to differentiate at a high dosage of GDNF^[@bibr22-0963689718815850]^. Despite the deficiency of GDNF in the differentiation of spermatogenic stem cells, we speculate whether, if GDNF could increase stem cell migration and homing of AFSCs in damaged kidneys, the therapeutic potential of AFSCs for renal interstitial fibrosis could be enhanced by cell pretreatment with the *GDNF* gene.

Materials and Methods {#section2-0963689718815850}
=====================

AFSC Culture {#section3-0963689718815850}
------------

Samples of human amniotic fluid were obtained from women at 15--20 weeks of gestation for prenatal diagnosis after they signed written informed consent. The amniotic fluid was centrifuged at 1200 rpm for 5 min. Sedimentary cells were cultured in Dulbecco's Modified Eagle's Medium/F12 (Gibco/BRL, Grand Island, NY, USA) supplemented with 15% fetal bovine serum (Gibco/BRL), 4 ng/ml basic fibroblast growth factor (bFGF) (R&D Systems, Minneapolis, MN, USA), 100 mg/ml glutamine (Sigma-Aldrich, St. Louis, MO, USA) and 1% penicillin-streptomycin antibiotics (Gibco/BRL), plated in 25 cm^2^ T-flasks, and maintained at 37°C in a 5% CO~2~ incubator. The culture medium was changed every 2 or 3 days.

Immunomagnetic Bead Sorting {#section4-0963689718815850}
---------------------------

According to a previous report^[@bibr23-0963689718815850]^, the primary passage of amniotic fluid cells was selected through immunomagnetic bead sorting using a CD117 MicroBead Kit (Miltenyi Biotec, Bergisch Gladbach, North Rhine-Westphalia, Germany). The sorted cells were cultured as before. AFSCs were subcultured at a dilution of 1:3 at 80--90% confluence.

Lentivirus Vector Transfection {#section5-0963689718815850}
------------------------------

Lentiviral vectors with GDNF-green fluorescent protein (GFP) genes (Lv-GDNF-GFP) or without GDNF genes (Lv-GFP) were constructed by the Ji Kai Gene Company (Shanghai, China). Cultured AFSCs at the third passage were transfected with Lv-GDNF-GFP and Lv-GFP at the most appropriate multiplicity of infection (MOI = 20) following standard procedures. GFP expression was observed at 1, 3, and 5 days of transfection under a fluorescence microscope.

Animal Model and Treatment {#section6-0963689718815850}
--------------------------

Nu/nu mice (body weight: 18--22 g, age: 6--8 weeks) were purchased from the Laboratory Animal Centre of Xuzhou Medical University (Jiangsu, China). The animals were maintained in a temperature- (22±1°C) and light- (12 h light--dark cycle) controlled room with free access to food and water. After 1 week of acclimation, the mice were divided randomly into sham operated mice (sham group), unilateral ureteral obstruction (UUO) mice treated with intravenous injection of saline solution (UUO group), UUO mice treated with intravenous injection of AFSCs immediately after UUO (AFSC group), and UUO mice treated with intravenous injection of GDNF-modified AFSCs immediately after UUO (GDNF-AFSC group), and sacrificed at days 3 and 7 post-surgery (six in each group). UUO was performed using an established procedure as described^[@bibr24-0963689718815850]^. The animals in the AFSC group were injected intravenously through the tail vein with 3.5 × 10^5^ GFP labeled AFSCs in 150 μl of PBS, and the GDNF-AFSC group was injected with 3.5 × 10^5^ GFP labeled GDNF-AFSCs in 150 μl of PBS via the same route. As a control, the animals in the UUO group were injected with a saline solution. At days 3 and 7 post-surgery, mice were sacrificed. The left kidneys were extracted and washed in saline solution. One part of the kidneys was fixed in 10% formaldehyde for immunohistochemical staining, while the other part was stored at --80°C for later Western blot analysis.

Transmission Electron Microscopy {#section7-0963689718815850}
--------------------------------

The 1-mm^3^ renal cortex tissues were fixed in cold 2.5% glutaraldehyde for 4 h. The renal tissue was post-fixed in 1% osmium tetroxide for 2 h, and then immersed in acetone and ethanol (first: acetone: epoxy resin (2:1), second: acetone: epoxy resin (1:2)), taking 2 h for each step. The embedding mold was filled with epoxy resin, and the renal tissue was immersed at the top of the mold and embedded for 2 h. A knife and microscope were used to expose the tissue to the surface of block. Then, ultrathin sections 60--90 nm thick were placed onto copper nets. The sections were washed with 1% uranyl acetate (1 h) and 0.5% lead citrate (10--15 min). The sections were then examined and photographed with an FEI Tecnai G2 transmission electron microscope.

Immunofluorescence Labeling {#section8-0963689718815850}
---------------------------

AFSCs, both untreated and modified with GDNF, were labeled with GFP and injected into UUO mice. The tissues were fixed in 4% paraformaldehyde for 48 h and subsequently dehydrated in 30% sucrose for 2 days. Kidney samples were embedded in OCT and sectioned in 10-μm-thick slices by Leica CM1950, a frozen section machine, according to the manufacturer's instructions. Selected sections were incubated with 10% donkey serum in PBS containing 0.3% Triton-X-100 for 2 h at room temperature. The sections were then incubated with rabbit anti-OCT-4 polyclonal antibody (1:50, Wuhan, China) at 4°C for 24h. All sections were then observed using a fluorescence microscope. Alexa 594 goat anti-rabbit IgG (1:200, Invitrogen, Carlsbad, CA, USA) was added to the corresponding sections and incubated for 2 h at room temperature. Tissue sections were mounted with 50% glycerol mounting medium. All sections were then visualized with a confocal laser microscope.

Renal Histology {#section9-0963689718815850}
---------------

To evaluate renal morphology, kidney samples were fixed in 10% formaldehyde, embedded in paraffin, sectioned into 4-μm-thick sections, deparaffinized and then incubated for 15 min in Histochoice. Subsequently, the sections were sequentially incubated for 5 min in 100% alcohol, 95% alcohol, 85% alcohol, 75% alcohol, and then stained with hematoxylin-eosin and Masson's trichrome. The areas of interstitial fibrosis were detected using Masson's trichrome staining to visualize the collagen fibers, which were stained dark blue. Ten microscopic visual fields of kidney tissues were selected randomly in the sections under high-power magnification (×40).

Immunohistochemical Staining {#section10-0963689718815850}
----------------------------

Mouse kidneys were fixed in 4% paraformaldehyde and embedded in paraffin. The paraffin-embedded kidney tissues were sectioned at a thickness of 5 μm. Two-step IHC detection was used for the immunohistochemical procedures. The sections were incubated with the following antibodies overnight at 4°C in PBS: goat anti-UCP2 polyclonal antibody (1:100, Abcam, Cambridge, MA, USA), rabbit anti-monocyte chemotactic protein 1 (MCP1) antibody (1:100, Abcam), mouse anti-NT monoclonal antibody (1:100, SANTA CRUZ, Dallas, TX, USA), rabbit anti-tumor necrosis factor α (TNFα) polyclonal antibodies (1:150, Abcam), rabbit anti-NOX2/gp91phox polyclonal antibodies (1:50, Abcam), rabbit anti-TGF-β1 polyclonal antibodies (1:200, Abcam), rabbit anti-collagen-I (1:200, Abcam), mouse anti-VEGF monoclonal antibodies (1:150, Abcam), and rabbit anti-hypoxia inducible factor-1α (HIF1-α) polyclonal antibodies (1:200, Proteintech). After washing, the slides were incubated at 37°C in PV6001 (Zhongshan, Beijing, China), and the sections were then visualized with diaminobenzidine tetrahydrochloride (DAB, Zhongshan) substrate and counterstained with hematoxylin. Ten discontinuous visual fields of the outer cortex of the kidney were also randomly selected under the microscope for each section. The integrated optical density (IOD) total of each visual field was determined using the Image 6 Pro Plus System.

CD34-stained kidney tissue samples were examined under a light microscope at 40× magnification to estimate peritubular capillary density as previously described. PTCs that stained positive for CD34 (an endothelial cell-specific marker) were counted in five randomly chosen microscopic fields on each slide, and capillary density was presented as the average number of capillaries/0.065 mm^2^.

Western Blotting {#section11-0963689718815850}
----------------

Kidney tissue samples were lysed and then centrifuged. Approximately 150 μg of total protein was loaded on 10% or 12% sodium dodecyl sulfate-polyacrylamide (SDS) gels and transferred to a polyvinylidene difluoride (PVDF) membrane by electroblotting. Non-specific binding was blocked by incubating the membrane in 3% bovine serum albumin (BSA) for 2 h at room temperature. The membrane was then incubated overnight at 4°C with primary antibodies against collagen I, TGF-β1, UCP2, MCP-1, NT, TNFα, gp91phox, HIF1-α, VEGF, optic atrophy protein-1 (OPA-1), and dynamin-related protein-1 (DRP-1), followed by an incubation with alkaline phosphatase-conjugated secondary antibodies. The protein expression levels were detected by a BCIP/NBT Alkaline Phosphatase Color Development Kit. Positive immunoreactive bands were quantified densitometrically and normalized by beta actin.

Statistical Analyses {#section12-0963689718815850}
--------------------

Data are presented as the mean±SD, and statistical analysis was performed with SPSS 16.0. Comparisons between groups were analyzed by one-way analysis of variance (ANOVA) followed by Dunnett's post hoc test. A P-value less than 0.05 was considered statistically significant.

Results {#section13-0963689718815850}
=======

Culture of AFSCs and Lentivirus Vector Transfection {#section14-0963689718815850}
---------------------------------------------------

The selected CD117-positive AFSCs exhibited fibroblastic or needle shapes with larger nuclei ([Fig 1a](#fig1-0963689718815850){ref-type="fig"}). To determine the transfection efficiency, we used fluorescence microscopy to observe the GFP signal. A faint GFP signal was detected at 24 h, and it gradually increased over the course of the transfection. By 5 days after transfection, approximately 83.2% of AFSCs expressed GFP, as indicated by green fluorescence ([Fig 1](#fig1-0963689718815850){ref-type="fig"}).

![Culture of AFSCs, lentivirus vector transfection, and immunofluorescent localization of frozen section in AFSC transplanted kidney. (a) AFSCs exhibited fibroblastic or needle shapes with larger nuclei. Bar = 50 μm. (b--d) Fluorescence expression of lentiviral vectors with GDNF-transfected AFSCs at 1 day, 3 days, and 5 days. Low GFP expression was detected at 1 day and gradually increased. For 5 days after transfection, approximately 83.2% of AFSCs expressed the GFP gene, which is indicated by green fluorescence. Bar = 50 μm. (e,f) AFSCs were visualized in the AFSC and GDNF-AFSC groups by GFP and OCT-4 staining (appear green and red, respectively). AFSCs are GFP + and OCT-4+ (colocalization appears as yellow-green; arrows). Compared with the AFSC group, the tissue treated with AFSCs modified with GDNF exhibited increased GFP and OCT-4 staining. Bar = 20 μm. (g) Representative micrographs of hematoxylin-eosin and Masson's trichrome staining demonstrate histological changes in the indicated groups. (h) Renal interstitium areas in each group. Fibrosis increased in UUO compared with sham, decreased in the AFSC group compared with the UUO group, and further decreased in the GDNF-AFSC group compared with the AFSC group. Bar = 20 μm. (\*P \< 0.05 vs. sham group; ^\#^P \< 0.05 vs. UUO group; ^Δ^P \< 0.05 vs. AFSC group).](10.1177_0963689718815850-fig1){#fig1-0963689718815850}

Immunofluorescent Staining of Frozen Sections from AFSC Transplanted Kidney {#section15-0963689718815850}
---------------------------------------------------------------------------

As shown in [Fig 1e and f](#fig1-0963689718815850){ref-type="fig"}, the tissue showed no GFP and OCT-4 staining in the UUO group, which is an AFSC marker. AFSCs, indicated by OCT-4 staining and GFP were shown in renal tissues in the AFSC group. Compared with the AFSC group, the tissue treated with AFSCs modified with GDNF exhibited increased OCT-4 staining and GFP, which indicated successful localization of AFSCs and GDNF - AFSCs in the renal interstitium and GDNF could help homing of stem cells to the obstructed kidney.

Renal Morphology {#section16-0963689718815850}
----------------

Renal histology was investigated using hematoxylin-eosin and Masson's trichrome staining. As shown in [Fig 1g and h](#fig1-0963689718815850){ref-type="fig"}, there was no significant histological abnormality in the sham group. After unilateral ureteral occlusion, severe morphological lesions and ECM production were detected. Compared with UUO, the AFSC and GDNF-AFSC groups, especially the latter, showed less renal fibrosis.

Immunohistochemical Staining and Western Blot Analysis of Nitrotyrosine (NT), Anti-uncoupling Protein 2, and Gp91phox Expression Levels {#section17-0963689718815850}
---------------------------------------------------------------------------------------------------------------------------------------

As shown in [Fig 2](#fig2-0963689718815850){ref-type="fig"}, low NT, UCP2, and gp91phox expression levels were detected in the sham group. Immunohistochemistry revealed that NT, UCP2 and gp91phox were increased in the UUO group compared with those in the sham-operated group, decreased in the AFSC group compared with those in the UUO group, and further decreased in the GDNF-AFSC group ([Fig. 3a--c](#fig3-0963689718815850){ref-type="fig"}). Western blot analysis results showed that gp91phox and NT protein levels were higher in the UUO group than in the sham group (*P* \< 0.001 vs. sham), decreased in the AFSC group, and further decreased in the GDNF-AFSC group (*P* \< 0.001 vs. UUO). Meanwhile, there were no significant differences in UCP2 expression at day 3 post-surgery within the UUO, AFSC, and GDNF-AFSC groups (*P* \> 0.05). However, UCP2 protein expression was increased in fibrotic kidneys at day 7 in the UUO group compared with that in the sham-operated kidneys (*P* \< 0.001 vs. sham). After the AFSCs and GDNF-AFSCs treatments, the expression of UCP2 was significantly decreased (*P* = 0.001 and *P* \< 0.001 vs. UUO, respectively), particularly in the GDNF-AFSC group (*P* \< 0.001 vs. AFSC). These data demonstrate the superior anti-oxidative effect of GDNF-modified AFSCs.

![Immunohistochemical staining and Western blot analysis of nitrotyrosine (NT), UCP2, and gp91phox. (a--c) NT, UCP2, and gp91phox staining was increased in the UUO group at day 7 post-surgery compared with that in the sham group and decreased in the AFSC and GDNF-AFSC groups compared with that in the UUO group, especially in the GDNF-AFSC group. Bar = 20 μm. (d) Representative (2 bands shown per group) immunoblotting of NT, gp91phox, and UCP2. (e) The expression levels of NT, gp91phox, and UCP2 were elevated in the UUO group at day 7, whereas the levels were decreased in the AFSC group and further decreased in the GDNF-AFSC group. There were no significant differences in UCP2 expression at day 3 post-surgery within the UUO, AFSC, and GDNF-AFSC groups (\*P \< 0.05 vs. sham group; ^\#^P \< 0.05 vs. UUO group; ^Δ^P \< 0.05 vs. AFSC group).](10.1177_0963689718815850-fig2){#fig2-0963689718815850}

![Immunohistochemical staining and Western blot analysis of TNFα and MCP1. (a, b) TNFα and MCP1 staining was increased in the UUO group compared with that in the sham group at day 7 post-surgery, whereas the staining was decreased in the AFSC group compared with that in the UUO group and further decreased in the GDNF-AFSC group. Bar = 20 μm. (c) Representative (2 bands shown per group) immunoblotting of TNFα and MCP1. (d) The expression levels of TNFα and MCP1 were elevated in the UUO group and decreased in the AFSC and GDNF-AFSC groups, especially in the GDNF-AFSC group. (\*P \< 0.05 vs. sham group; ^\#^P \< 0.05 vs. UUO group; ^Δ^P \< 0.05 vs. AFSC group).](10.1177_0963689718815850-fig3){#fig3-0963689718815850}

Immunohistochemical Staining and Western Blot Analysis of MCP1 and TNFα Expression Levels {#section18-0963689718815850}
-----------------------------------------------------------------------------------------

We found light MCP1 and TNFα staining in the sham group. The expression levels of these pro-inflammatory cytokines were upregulated at days 3 and 7 post-surgery in the UUO group compared with the sham group, decreased in the AFSC group and further decreased in the GDNF-AFSC group ([Fig 3a and b](#fig3-0963689718815850){ref-type="fig"}). Western blotting revealed similar trends in the protein expression levels of MCP1 and TNFα to those observed by immunohistochemistry ([Fig 3c and d](#fig3-0963689718815850){ref-type="fig"}). However, there were no significant differences in MCP1 and TNFα expression levels at day 3 post-surgery between the AFSC and GDNF-AFSC groups (*P* = 0.086, *P* = 0.168). The expression levels of MCP1 and TNFα were increased at day 7 in the UUO group compared with the sham group (*P* \< 0.001 vs. sham), while the levels were significantly decreased in the AFSC group and GDNF-AFSC group compared with the UUO group (*P* \< 0.001 vs. UUO), especially in the GDNF-AFSC group (*P* \< 0.001 vs. AFSC). These data demonstrate the greater anti-inflammatory effect of GDNF-AFSCs treatment compared with AFSCs.

Immunohistochemical Staining of CD34, VEGF, and HIF-1α, and Western Blot Analysis of VEGF and HIF-1α Expression Levels {#section19-0963689718815850}
----------------------------------------------------------------------------------------------------------------------

CD34 is a marker of endothelial cells. In the sham group, PTCs were uniform in size and shape, and the expression of VEGF was distributed normally throughout the tubular epithelial cells. At days 3 and 7 after surgery, there was a significant decrease in PTC density and VEGF staining in the UUO group. However, PTC density and VEGF staining were stronger in the AFSC group than in the UUO group, and these increases were further augmented in the GDNF-AFSC group at each time point. Western blot analysis revealed similar trends in VEGF protein levels to those observed in the immunohistochemistry results ([Fig 4d](#fig4-0963689718815850){ref-type="fig"}). These results suggest that GDNF-AFSC transplantation may further promote angiogenesis in obstructed kidneys.

![Immunohistochemical staining of CD34, VEGF, and HIF-1α and Western blot analysis of VEGF and HIF-1α expression. (a, b) CD34 and VEGF staining was decreased in the UUO group compared with that in the sham group at day 7 post-surgery, whereas the staining was increased in the AFSC group compared with that in the UUO group and further increased in the GDNF-AFSC group. Bar = 20 μm. (c) HIF-1α expression was increased in the UUO group compared with that in the sham group, while the expression was decreased in the AFSC group compared with the UUO group and further decreased in the GDNF-AFSC group. (d) Representative (2 bands shown per group) immunoblotting of VEGF and HIF-1α. (e, f) CD34 and VEGF expression levels were decreased in the UUO group, increased in the AFSC group and further increased in the GDNF-AFSC group. The hypoxia marker was elevated in the UUO group and decreased in the AFSC and GDNF-AFSC groups, especially in the GDNF-AFSC group. (\*P \< 0.05 vs. sham group; ^\#^P \< 0.05 vs. UUO group; ^Δ^P \< 0.05 vs. AFSC group).](10.1177_0963689718815850-fig4){#fig4-0963689718815850}

In the sham group, there was faint HIF-1α staining in cortical nuclei and stronger staining in distal tubules ([Fig 4c](#fig4-0963689718815850){ref-type="fig"}). HIF-1α expression increased owing to the rarefaction of the PTC in the UUO group compared with that in the sham group. However, compared with the UUO group, the AFSC group exhibited dramatically decreased HIF-1α expression, which was further decreased after GDNF-AFSCs injection. Western blot analysis ([Fig 4d](#fig4-0963689718815850){ref-type="fig"}) showed that the levels of HIF-1α decreased in the AFSC group at days 3 and 7 post-surgery compared with the UUO group at each time point (*P* \< 0.001 vs. UUO) and remained even lower in the GDNF-AFSC group than in the AFSC group (*P* \< 0.001 vs. AFSC). These results demonstrate that GDNF-AFSC transplantation alleviates the hypoxic conditions associated with obstructed kidney.

TEM of Mitochondria {#section20-0963689718815850}
-------------------

To further evaluate the effect of GDNF-AFSCs on UUO-induced renal interstitial fibrosis in vivo, the morphology of renal mitochondria was observed by TEM. As shown in [Fig 5a](#fig5-0963689718815850){ref-type="fig"}, the mitochondrial configuration was normal, and the mitochondrial cristae, which result from folds in the inner mitochondrial membrane into the matrix, were arranged closely in the sham group. However, mitochondrial swelling and mitochondrial cristae fragmentation or disappearance were commonly seen in the UUO model. Meanwhile, all pathological characteristics were alleviated in the AFSC group, especially in the GDNF-AFSC group.

![TEM images of mitochondria and Western blot analysis of OPA-1 and DRP-1. (a) There was no mitochondrial injury in the sham group at days 3 and 7 post-surgery. However, mitochondrial swelling and mitochondrial cristae fragmentation or disappearance were commonly seen in the UUO model. Meanwhile, all those pathological changes were ameliorated in the AFSC group, especially in the GDNF-AFSC group. Bar = 2 μm (b) Representative (2 bands shown per group) immunoblotting of OPA-1 and DRP-1. (c) OPA-1 expression levels were decreased in the UUO group compared with those in the sham group at days 3 and 7 post-surgery, while the levels were increased in the AFSC group and further increased in the GDNF-AFSC group. DRP-1 was elevated in the UUO group compared with that in the sham group, while decreased in the AFSC group and further decreased in the GDNF-AFSC group. (\*P \< 0.05 vs. sham group; ^\#^P \< 0.05 vs. UUO group; ^Δ^P \< 0.05 vs. AFSC group).](10.1177_0963689718815850-fig5){#fig5-0963689718815850}

Western Blot Analysis of OPA-1 and DRP-1 Expression Levels {#section21-0963689718815850}
----------------------------------------------------------

As shown in [Fig 5b and c](#fig5-0963689718815850){ref-type="fig"}, OPA-1 protein expression was highest in the sham group. However, OPA-1 expression was decreased at days 3 and 7 in the UUO group (*P* \< 0.001 vs. sham). Compared with the UUO group, the AFSC group exhibited increased OPA-1 expression (*P* \< 0.001 vs. UUO), which was further increased in the GDNF-AFSC group at each time point (*P* \< 0.001 vs AFSC). The expression of DRP-1 was increased at days 3 and 7 in the UUO group compared with that in the sham group (*P* \< 0.001 vs. sham), significantly decreased in the AFSC group (*P* \< 0.001 vs. UUO), and further decreased in the GDNF-AFSC group at each time point (*P* \< 0.001 vs. AFSC).

Immunohistochemical Staining of TGF-β1 and Collagen-I and Western Blot Analysis of TGF-β1 Expression {#section22-0963689718815850}
----------------------------------------------------------------------------------------------------

Immunohistochemical staining showed that the expression levels of TGF-β1 and collagen-I were significantly increased in the UUO group compared with those in the sham-operated kidney at both days 3 and 7 post-surgery. Both AFSCs and GDNF-AFSCs treatments decreased UUO-induced TGF-β1 expression and collagen fibril deposition, and the effect of GDNF-AFSCs was even greater than that of AFSCs ([Fig. 6a](#fig6-0963689718815850){ref-type="fig"}). Western blot analysis showed that the expression of TGF-β1 was upregulated in the UUO group compared with that in the sham group (*P* \< 0.001 vs. sham), decreased in the AFSC group (*P* \< 0.001 vs. UUO) and even lower in the GDNF-AFSC group (*P* \< 0.001 vs. AFSC). These data suggest that GDNF-modified AFSCs can alleviate renal fibrosis.

![Immunohistochemical staining of TGF-β1 and collagen-I and Western blot analysis of TGF-β1. (a, c) TGF-β1 and Collagen-I were increased in the UUO group compared with those in the sham group at day 7 post-surgery, whereas these markers were decreased in the AFSC group compared with those in the UUO group and further decreased in the GDNF-AFSC group compared with those in the AFSC group. Bar = 20 μm. (b, d) Representative (2 bands shown per group) immunoblotting of TGF-β1. The fibrotic marker was elevated in the UUO group and decreased in the AFSC and GDNF-AFSC groups at each time point, especially in the GDNF-AFSC group. (\*P \< 0.05 vs. sham group; ^\#^P \< 0.05 vs. UUO group; ^Δ^P \< 0.05 vs. AFSC group).](10.1177_0963689718815850-fig6){#fig6-0963689718815850}

Discussion {#section23-0963689718815850}
==========

Here, we found that oxidative stress and inflammation were induced by obstructive nephropathy. These changes were accompanied by PTC injury and severe hypoxia, which might contribute to mitochondrial damage and renal injury progression. However, the GDNF gene can promote the ability of AFSCs to inhibit inflammation and oxidative stress, which ultimately ameliorate renal fibrosis.

The prevalence of CKD worldwide is rising, with many factors contributing to kidney injury^[@bibr25-0963689718815850]^, and interstitial fibrosis is regarded as the main pathway of CKD. Although numerous researchers have made great efforts to explore the mechanisms of CKD over the last several decades, current methods for CKD treatment are still ineffective. Therefore, a better understanding of the pathogenesis of CKD and methods to arrest the progression of renal fibrosis are urgently needed. In this study, we demonstrated that, compared with AFSCs, GDNF-modified AFSCs were more effective at ameliorating renal fibrosis by inhibiting oxidative stress and inflammation.

AFSCs, a novel population of broadly multipotent stem cells that exhibit both embryonic and adult stem cell characteristics, have been regarded as a promising approach for cell therapy^[@bibr16-0963689718815850]^. Our group has demonstrated that transplanting AFSCs into mice with ureteral ligation accelerated the proliferation of tubular epithelial cells and ameliorated renal interstitial fibrosis^[@bibr15-0963689718815850]^. Our current study also showed that AFSCs can accelerate renal recovery in mice after UUO through anti-inflammatory and anti-oxidative mechanisms. The renal differentiation capacity of AFSCs is not very powerful, so we explored a potential method to strengthen the ability of AFSCs to alleviate renal interstitial fibrosis.

GDNF, a neurotrophic factor that has the ability to participate in early nephrogenesis^[@bibr26-0963689718815850],[@bibr27-0963689718815850]^, can induce AFSCs to move toward the peritubular compartment and can promote the survival of stem cells in response to hypoxic, inflammatory, and oxidative conditions. Our experiments^[@bibr28-0963689718815850]^ validated the above-mentioned findings and revealed that preconditioning AFSCs with GDNF gene can enhance their migration, engraftment, survival, and, consequently, maximize the effect of common AFSC transplantation.

Oxidative stress has also been implicated in the pathogenesis of renal fibrosis^[@bibr29-0963689718815850][@bibr30-0963689718815850]--[@bibr31-0963689718815850]^. Several studies^[@bibr32-0963689718815850]^ have demonstrated that many factors that induce renal fibrosis are associated with an increase in oxidative stress, resulting in increased ROS, which contribute to lipid peroxidation, increased hydrogen peroxide, and DNA and protein damage. The expression levels of oxidative stress markers, including gp91-phox, NT, and UCP2, which are increased in UUO models, were observed in the present study. Gp91-phox, also known as NOX2, is the predominant NOX family subunit in the kidney. Gp91-phox is a major source of ROS and plays a critical role in transferring electrons through the enzyme from NADPH to molecular oxygen to produce superoxide, subsequently leading to tissue damage^[@bibr33-0963689718815850]^. Compared with AFSCs, GDNF-modified AFSCs had a stronger inhibitory effect on the levels of gp91-phox, suggesting that GDNF-AFSCs may represent a renoprotective capacity for obstructed kidneys. These effects are possibly associated with the attenuation of NOX2-dependent oxidative stress. Another oxidative stress marker, NT, is used as an indirect indicator of peroxynitrite, which possesses a short biological half-life and specifically nitrates tyrosine residues on proteins^[@bibr34-0963689718815850]^. Nitric oxide (NO) reacts with superoxide anion to generate peroxynitrite. In addition, NO has been identified as a significant mediator involved in the physiopathology of renal fibrosis^[@bibr35-0963689718815850]^. Our study showed that GDNF-AFSCs decreased the expression of NT in obstructed kidneys and exhibited more effective anti-oxidative stress abilities than AFSCs. UCP2 is a mitochondrial inner membrane protein that regulates proton conductance. Mitochondrial dysfunction induced by stimulation such as hypoxia and oxidative stress, will lead to the upregulation of UCP2 levels. According to previous studies^[@bibr36-0963689718815850]^, the expression of UCP2 is increased in many diseased conditions, such as diabetes, hypertension, atherosclerosis, and, in our experimental model, renal interstitial fibrosis. However, compared with untreated fibrotic kidneys, kidneys treated with AFSCs and GDNF-AFSCs exhibited markedly reduced pathological effects at day 7, particularly kidneys in the GDNF-AFSC group. Meanwhile, the antioxidative effect of AFSCs and GDNF-AFSCs was not obvious in the UUO group at day 3 post-surgery, but the reason is unclear. These results indicate that GDNF-AFSCs played a larger role in the amelioration of renal fibrosis through anti-oxidative effects.

In recent years, renal inflammation has been increasingly recognized in the progression of renal fibrogenesis^[@bibr5-0963689718815850],[@bibr37-0963689718815850]^, particularly in association with cytokine release and chemokine expression^[@bibr1-0963689718815850]^. Previous studies^[@bibr38-0963689718815850],[@bibr39-0963689718815850]^ have indicated that the renal fibrosis induced by UUO models is characterized by inflammatory cell recruitment, macrophage infiltration, and increased pro-inflammatory cytokines. In addition, infiltration of inflammatory cells is also consistent with the degree of renal fibrosis^[@bibr6-0963689718815850],[@bibr40-0963689718815850]^. Therefore, pro-inflammatory cytokines have been considered contributors to the progression of renal interstitial fibrosis. Our present study showed that TNFα and MCP1, the major pro-inflammatory cytokines, were increased in UUO kidneys. However, the injection of AFSCs noticeably downregulated the increase in chemokines and inflammatory cytokines, and GDNF-AFSCs can further reduce the expression levels of TNFα and MCP1, which suggests that the decrease in pro-inflammatory cytokines seen in renal fibrosis may due to its anti-inflammatory effects.

VEGF is a specific endothelial growth factor that can promote peritubular capillary repair and angiogenesis^[@bibr15-0963689718815850]^. Several studies have confirmed that VEGF can maintain the integrity of the kidney vascular endothelial cells by regulating renal microvessels^[@bibr41-0963689718815850]^. The detection of decreased VEGF levels in UUO could be the result of multiple factors, including inflammation and oxidative stress. However, the levels of VEGF in the AFSC and GDNF-AFSC group were higher than those in the UUO group, while VEGF levels were more significantly upregulated in the GDNF-AFSC group. PTC injury is known to be associated with reduced blood supply, leading to chronic ischemia and hypoxia^[@bibr42-0963689718815850],[@bibr43-0963689718815850]^. PTC-positive areas, which were determined based on CD34 immunostaining in the present study, showed that the PTCs were damaged in the UUO group. The rarefaction of the PTCs in turn results in tissue hypoxia, which was suggested by the upregulation of HIF-1α^[@bibr44-0963689718815850]^. Our study showed that both AFSC and GDNF-AFSC transplantation had the ability to repair renal blood vessels, stimulate an increase in PTC density, and alleviate tissue hypoxia, while GDNF-AFSC transplantation had a stronger effect. The oxygen insufficiency in the interstitium results from serious damage to renal tubular epithelial cells and a subsequent decrease in PTC density. Under hypoxia, renal tubular epithelium cells undergo epithelial-mesenchymal transitions. These cells can migrate to the interstitium and differentiate into myofibroblasts and promote ECM production, such as collagen^[@bibr45-0963689718815850]^. The final effect of this process is renal interstitial fibrosis. Our findings indicate that the transplantation of GDNF-AFSCs into UUO mice was more effective at ameliorating hypoxia and subsequently alleviating the degree of renal fibrosis. The mechanisms involved in this process appear to be directly related to the anti-inflammatory and anti-oxidative effects of GDNF-AFSCs.

A growing number of studies have suggested that chronic ischemia and hypoxia due to oxidative stress and inflammation are associated with mitochondrial injury^[@bibr46-0963689718815850]^. Mitochondria are the main organelles in eukaryotic cells, playing an important role in cellular energy production and providing most of the energy for cellular physiological needs. Mitochondrial morphological dynamics are controlled by a balance between two opposing processes: fission and fusion^[@bibr47-0963689718815850]^. OPA-1, a major mitochondrial fusion protein, helps determine the shape and structure of mitochondria. Our results showed that decreased OPA-1 expression induced by obstructed kidneys was upregulated in the AFSC and GDNF-AFSC groups, especially in the GDNF-AFSC group, indicating that GDNF-AFSCs may promote mitochondrial fusion activity. DRP-1, a major mitochondrial fission protein, is required to induce mitochondrial fragmentation and programmed cell death. Our study showed that, compared with AFSCs, GDNF-AFSCs achieved a greater reduction in DRP-1 expression. Meanwhile, as TEM showed, mitochondrial swelling and mitochondrial cristae fragmentation or disappearance induced by UUO were ameliorated after the mice were administered GDNF-AFSCs. These results suggest that GDNF-modified AFSCs can alleviate mitochondrial injury and ultimately ameliorate renal interstitial fibrosis.

We chose the UUO mouse as the experimental model in this study. We found typical features of obstructed nephropathy, such as tubular dilation and atrophy, interstitial fibrosis and upregulation of collagen-Ι deposition and TGFβ1 levels^[@bibr48-0963689718815850]^. TGF-β1 is a profibrotic mediator that plays a major role in fibrosis, activation of myofibroblasts, and accumulation of ECM^[@bibr43-0963689718815850],[@bibr49-0963689718815850],[@bibr50-0963689718815850]^. In the obstructed kidneys, the morphological changes were accompanied by increased expression of collagen-Ι, a structural component of the ECM, which indicates the progression of renal fibrosis. AFSCs treatment significantly alleviated UUO-induced TGF-β1 and collagen-Ι expression levels, while the expression levels in the GDNF-AFSC group were lower than those in the AFSC group.

From the above discussion, we can conclude that the *GDNF* gene has the ability to promote the anti-inflammatory and anti-oxidative effects of AFSCs, and GDNF-AFSCs are more effective than AFSCs at ameliorating renal interstitial fibrosis.
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